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ABSTRACT 
 
The development of advanced nuclear reactor conceptions depends largely on the amount of available 
data to the designer. Non invasive ultrasonic techniques can contribute to the evaluation of gas-liquid 
two-phase regimes in the nuclear thermo-hydraulic circuits. A key-point for success of those 
techniques is the interpretation of the ultrasonic signal. In this work, a methodology based in artificial 
neural networks (ANN) is proposed to predict size distribution of bubbles in a bubbly flow. To 
accomplish that, an air feed system control was used to obtain specific bubbly flows in an 
experimental system utilizing a Plexiglas vertical bubbly column. Four different size distribution of 
bubbles were generated. The bubbles were photographed and measured. To evaluate the different size 
distribution of bubbles it was used the ultrasonic reflected echo on the opposite wall of the column. 
Then, an ANN has been developed for predicting size distribution of bubbles by using the frequency 
spectra of the ultrasonic signal as input. A trained artificial neural network using ultrasonic signal in 
the frequency domain can evaluate with a good precision the size distribution of bubbles generated in 
this system. 
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1. INTRODUCTION 
 
The detection and characterization of bubbles in thermo-hydraulic systems is essential for the 
safety and development of the primary cooling system of advanced nuclear reactors. The 
experimental measurements of two-phase flow parameters are important to confirm 
theoretical predictions and to validate computational codes. In nuclear reactors cooling 
systems great care is necessary in the control of the flow parameters due to the risk of 
occurrence of loss of coolant and its consequences like the onset of nucleate boiling and 
formation of different two-phase flow regimes. 
There are many techniques for the measurement of two-phase flow parameters. The 
techniques using electrical conductance like hot wire anemometers and electrical capacitance 
are invasive and therefore are flow interfering and need a connection between the probe and 
pipe to each measurement point. This difficult the calibration and the pipe is subject to 
leakage  [1,2]. The pressure differential techniques are considered as semi-invasive 
technique. Studies show the vertical two-phase flow identification related to the pressure 
variation with statistical analysis [3]. Although these techniques are relatively easy to 
implement, they require measurement points which incur leakage risks. The main 
noninvasive techniques used to measure parameters of two-phase flow are optical, radiation 
techniques (X-ray, γ-ray or neutron absorption radiography and X-ray and γ-ray tomography) 
and ultrasonic. All of them have advantages and disadvantages and each one contribute to 
increase the confidence in the final evaluation.  
The main optical techniques are laser Doppler anemometry (LDA) and particle image 
velocimetry (PIV). The LDA technique yields good measurements of flow velocity at 
specific points. This technique [4] is applied in a bubble column to measure the average axial 
and tangential velocities in a maximum void fraction of 20%. PIV can measure velocities 
using the laser sheet. This technique was used to measure the velocity of a bubbly flow [5]. 
These two techniques, LDA and PIV, need a transparent pipe and are not applicable in 
opaque fluids.  
The radiation attenuation techniques have high power of penetration and do not have the 
limitation of optical techniques but require a heavy safety structure, while the tomography 
techniques are expensive.  
The ultrasonic techniques have many advantages: they are non-invasive and do not cause any 
leakage risks and changes in the flow regime because it is not necessary to hole the pipe, they 
do not need safety care to operators, they are not expensive, they can be used in high pressure 
and temperature flows, and they can be used in opaque fluids and non transparent pipes. 
There are three main ultrasonic techniques to measure two-phase flow parameters: Doppler, 
transmission and pulse-echo. The ultrasonic Doppler technique has relative advantage when 
applied in low void fraction liquid velocity measurement and gas bubble velocity 
measurement [6, 7]. Emitting and receiving ultrasonic transducers are separated by the two-
phase flow. Numerical modeling of the experiment was conducted by using Monte Carlo 
simulations and equivalent bubble method which consider bubbles with a perfect spherical 
shape and distributed uniformly along the column. The methods had good agreement for void 
fraction up to 20%.  Studies show a hybrid ultrasonic technique formed by a contra-
propagating transmission ultrasonic flow-meter, pulse-echo transmission ultrasonic voidmeter 
and a FieldBus data acquisition system [8]. This technique was used to determine the 
stratified and plug flow pattern in a horizontal air-water two-phase flow. The ultrasonic 
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pulse-echo technique was used in bubble air-water column and transmission technique in 
horizontal air-water flow [9]. The void fraction was measured by means of ultrasonic 
attenuation using the ultrasonic transmission technique and Monte Carlo simulation. Using a 
polynomial regression method, it was possible to determine the stratified and intermittent 
flow patterns. An invasive ultrasonic technique which provided input data from ultrasonic 
signals to artificial neural network (ANN) was used to diagnose two-phase flow regimes in a 
horizontal pipe obtaining good agreement [10]. In spite of seeming still incipient, the use of 
neural networks applied to the volumetric fraction measurement with ultrasonic waves have 
shown some results [11].  
In the present work the pulse-echo ultrasonic technique was applied to a vertical air-water 
Plexiglass column and it was studied the size distribution of bubbles. Then, the frequency 
spectrum of the ultrasonic signal was used as input to an ANN for bubbles size distribution 
prediction. For the characterization of bubbles a photographic technique was used. 
 
 
2. MATERIALS AND METHODS 
 
This section will list all materials utilized and methods adopted. 
2.1.  Experimental Setup 
The experimental development was carried out in the ultrasound laboratory of Centro Federal 
de Educação Tecnológica of Rio de Janeiro. The device consists of a vertical transparent 
Plexiglas column with 700 mm long and a rectangular cross section (50 x 80 mm), as shown 
in figure 1. The bubble feed system was constituted by a set of four stainless steel calibrated 
orifices, fixed at the intermediate base seat. In the present work the orifice set consists of  
0.70 mm inner diameters.  
Figure 1. Bubbly column and ultrasonic system. 
 
The ultrasonic system was constituted of a Physical Acoustic Corporation model DS345 – 30 
MHz pulser and receiver board, a Hewlett Packard model 54616B digital oscilloscope (500 
MHz) and a NDT Systems Inc piezoelectric transducer (6.35 mm (¼”) diameter, 5 MHz).  
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Using this setup, four different bubble size distributions were obtained varying the air flow 
injected in the liquid column. 
 
2.2. Determination of bubble size distribuition by photographic technique 
The technique used as reference to determine bubble size distribution uses a high speed 
photographic camera that allowed obtaining clear photographs of the bubble flow in the 
Plexiglas vertical column, as shown in Figure 2.  With the aid of a millimeter reference scale 
set in the bubbly column, it was possible to determine, through the photographs, the size of 
the bubbles in each air flow configuration generated. 
Ten photographs were taken for each flow configuration, which determines a bubble size 
distribution and the bubble size was measured. These data was used to generate a mean 
bubble size distribution.  
Figure 2: Photographs showing size distribution of bubbles simulated in a 
bubbly column. 
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2.3.  Ultrasound measures in the frequency domain 
Usually, inspections and studies that use ultrasound techniques evaluate the ultrasonic pulse 
in the time domain.  However, some studies show that evaluating in the frequency domain 
may supply good results and advantages when compared to the time domain. [12,13]. 
When the ultrasonic pulse is evaluated in the frequency domain, through FFT (Fast Fourier 
Transform), a map of the frequencies that compose the signal can be obsaerved , allowing for 
a spectral analysis of the ultrasonic pulse  [14]. 
In the frequency domain, it is possible to observe how the different frequencies that compose 
the ultrasonic pulse Interact   with the inner structure of the analyzed material, changing the 
initial frequency spectrum in accordance with such interactions. After passing through the 
entire material, the signal is modified in accordance with the characteristics of the sample. 
Thus, the analysis in the frequency domain can supply useful information to characterize the 
material under analysis under several structure aspects, acting as na “ultrasonic fingerprint”.  
In this way, one of the purposes of the present study is to evaluate if variations in bubble size 
distribution in a bubbly column can cause significant alterations in the frequency spectrum of 
the ultrasonic pulse allowing differentiating the simulated distributions.   
For each air flow configuration, which determines one bubble size distribution, 10 frequency 
spectra were obtained discretized in 37 points.  
 
2.4.  Artificial Neural Networks (ANN) 
Artificial Neural Networks (ANNs) are mathematical models inspired in the human brain and 
its biological neural networks. The main feature of an ANN is the ability of learning from 
examples. Prediction, pattern classification and clustering are important capabilities of an 
ANN.  Basically, an ANN works in two phases: i) training and ii) operation. In the training 
phase, the ANN is supposed to learn from examples, called training patterns. Generally a 
database of training patterns is previously defined. In the operation phase, the trained ANN 
executes the task it has been trained for [15].   There are many types of ANN, which combine 
different topologies and learning algorithms. In this work, a typical MLP (Multi Layer 
Perceptron) with backpropagation learning algorithm has been used.  
The structure of the network for this application is shown in figure 3.  The network has 37 
neurons in the input layer, one for each discretized point, with the processing layer composed 
by 32 neurons.  As the output (response) should represent a composition (distribution) of 
mean bubble size of that spectrum, the output layer is formed by 12 neurons, each responsible 
for supplying the number of bubbles of each size.   
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Figure 3 – ANN topology. 
 
For training the ANN, a database of 10 spectra (discretized into 37 points) for each one of the 
4 different air flows has been generated. From a total of 40 patterns, 20 have been used for 
training, 10 for testing generalization and stop criteria (during the training phase) and 10 for 
validation of the trained ANN (simulating the operating phase). The methodology used for 
designing and training the ANN is illustrated in Figure 4. 
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Figure 4 – Phases of ANN implementation. 
 
 
3. RESULTS AND DISCUSSIONS 
 
The bubble distribution (determined by photographic technique) was associated through 
ANN to the respective frequency spectrum of the ultrasonic wave passing across the column. 
The spectra measured for each air flow configuration, the bubble size distribution measured 
by photographic technique (used as reference) and the values supplied by ANN after training 
are shown below. It is important to enhance that since the amplitude of the ultrasonic signal 
could be used as main criterion for spectra differentiation, the spectra were previously 
normalized avoiding that the signal classification was done essentially by attenuation ( as in 
other studies).  As can be observed, the normalization of the generated spectra imposes a 
maximum amplitude common to all spectra, re-dimensioning them.  
In the charts that show the bubble size distribution for each configuration, the blue columns 
supply the values measured by the photographic technique (used as reference for network 
training) and the red columns represent the results supplied by ANN.  
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Figure 5: Frequency spectrum and bubbles distribution for configuration 1 
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Figure 6: Frequency spectrum and bubbles distribution for configuration 2 
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Figure 7: Frequency spectrum and bubbles distribution for configuration 3 
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Figure 8: Frequency spectrum and bubbles distribution for configuration 4 
 
The spectra in conditions 1 and 2 (figures 5 and 6) oscillated more while in conditions 3 and 
4 (figures 7 and 8) were more stable. However, the results show that ANN was able to 
precisely determine the bubble size pattern (distribution) for all the frequency spectra of the 
ultrasonic pulse used as input data.  The initial hypothesis of this work, showing that the 
interaction of ultrasonic pulse with the medium in question may provide useful information 
for their characterization, is confirmed by looking at configuration 3 and 4 which have 
spectra with similar shapes and comparable results for bubble sizes. 
 
 
4. CONLUSIONS  
 
This study illustrates the use of the ultrasonic technique in the frequency domain for two-phase 
flows of the air-water type. The methodology of analysis of the ultrasonic pulse through an 
artificial neural network proved to be precise and the ultrasonic pulse sensible to variations of 
the parameters of a bubbly column, supplying good results in bubble size distribution 
determination.      
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